Abstract-Primary aldosteronism is the most common form of secondary hypertension. Mutations in the KCNJ5 gene have been described recently in aldosterone-producing adenomas (APAs). The aim of this study was to investigate the prevalence of KCNJ5 mutations in unselected patients with primary aldosteronism and their clinical, biological and molecular correlates. KCNJ5 sequencing was performed on somatic (APA, nϭ380) and peripheral (APA, nϭ344; bilateral adrenal hyperplasia, nϭ174) DNA of patients with primary aldosteronism, collected through the European Network for the Study of Adrenal Tumors. Transcriptome analysis was performed in 102 tumors. Somatic KCNJ5 mutations (p.Gly151Arg or p.Leu168Arg) were found in 34% (129 of 380) of APA. They were significantly more prevalent in females (49%) than males (19%; PϽ10
H ypertension is a major cardiovascular risk factor that affects between 10% and 40% of the population in industrialized countries. Detection of secondary forms of hypertension is particularly important because it allows for the targeted management of the underlying disease. Primary aldosteronism (PA) is the most common form of secondary hypertension, with an estimated prevalence between 6% and 12% of hypertensives and as high as 20% in patients with resistant hypertension. [1] [2] [3] [4] [5] PA occurs as the result of a dysregulation of the mechanisms controlling adrenal aldosterone production, ultimately leading to hypertension with low plasma renin and elevated aldosterone sometimes associated with hypokalemia. Among subtypes of PA, aldosteroneproducing adenoma (APA) and bilateral adrenal hyperplasia (BAH; also known as idiopathic hyperaldosteronism) together account for Ϸ95% of cases. [1] [2] [3] Aldosterone production from the adrenal zona glomerulosa is tightly controlled to maintain electrolyte and fluid homeostasis by the kidney. Thus, the two most important physiological stimuli of aldosterone secretion are angiotensin II and serum potassium. Glomerulosa cell membrane depolarization leads to opening of voltage-activated Ca 2ϩ channels with activation of the calcium signaling pathway, the major mediator of aldosterone production. 6 Potassium channels play a central role in regulating the membrane potential of glomerulosa cells, as demonstrated in mouse models where the genetic deletion of TWIK related Acid Sensitive Kϩ (TASK) channels TASK-1 and TASK-3 removes the background K ϩ current, which results in a marked depolarization of adrenal zona glomerulosa cell membrane potential and low-renin hypertension attributed to the autonomous overproduction of aldosterone. 7, 8 Along the same line, recent work by Choi et al 9 has identified somatic KCNJ5 mutations in 8 out of a series of 22 APAs. The authors identified 2 recurrent KCNJ5 mutations, G151R and L168R, affecting 2 residues in and near the selectivity filter of the Kir3.4 potassium channel. A similar inherited mutation (T158A) was also found in a family with a severe Mendelian form of PA associated with massive BAH causing early onset resistant arterial hypertension, which was cured by bilateral adrenalectomy. The 3 mutations all result in loss of channel selectivity, with increased sodium conductance leading to membrane depolarization; these changes are presumed to be responsible for constitutive aldosterone secretion and cell proliferation. 9 However, the frequency and clinical and molecular correlates of KCNJ5 mutations, as well as their role in the onset and/or maintenance of PA, remained to be established.
Taking advantage of a very large collection of APA samples, endowed with comprehensive clinical and biological information, collected through reference centers organized within the European Network for the Study of Adrenal Tumors (ENS@T), we explored the prevalence of KCNJ5 mutations across the spectrum of APA. We also tested the hypothesis that germinal KCNJ5 mutations may be involved in BAH, the most common form of PA. The clinical and biochemical correlates of the mutation status were investigated, with particular attention to severity and follow-up data. We further investigated the specificity of KCNJ5 mutations relative to cortisol-producing adenomas, their relation to adrenal cortex remodeling, and their molecular consequences in terms of gene expression to provide insight into the mechanisms underlying cell proliferation and aldosterone production.
Subjects and Methods

Patients
Patients with PA were recruited between 1994 and 2010 from 9 different centers belonging to the European Network for the Study of Adrenal Tumors APA working group (www.ENSAT.org). Case detection and subtype identification of PA were performed according to institutional guidelines and in accordance with the Endocrine Society guidelines. 10 -14 In patients diagnosed as having PA, a thin-section computed tomography scan or MRI of the adrenal and/or an adrenal venous sampling (AVS) was performed to differentiate between unilateral and bilateral aldosterone hypersecretion. AVS selectivity and lateralization criteria were different among centers, with 7 centers (Paris, Munich, Torino, Berlin, Würzburg, Padova-A, and Padova-C) using a selectivity index for successful AVS (adrenal vein/inferior vena cava cortisol gradient) Ͼ2 and a lateralization index (aldosterone/cortisol ratio from high to low side) Ͼ4. Two centers (Padova-B and Rome) use AVS selectivity index Ͼ1.1 and lateralization index Ͼ2.0.
Baseline clinical and biochemical characteristics of the patients are indicated in Table S1 (please see the online-only Data Supplement). The diagnosis of adrenocortical adenoma was histologically confirmed after surgical resection. PA patients not diagnosed as having an APA were classified as having BAH. A final diagnosis of APA, diagnosed by computed tomography scanning and AVS, was considered "proven" when the following conditions were satisfied: (1) histological demonstration of adenoma; (2) normalization of hypokalemia, if present; (3) cure or improvement of hypertension; and (4) normalization of ARR and/or suppressibility of aldosterone under saline load. 3, 15 All of the patients gave written informed consent for genetic and clinical investigation within each individual institution. Procedures were in accordance with institutional guidelines.
DNA and RNA Isolation and RT-PCR
DNA or RNA was extracted from a total of 424 APAs, 25 paired peritumoral adrenal cortices, 10 control adrenals (obtained from radical nephroadrenalectomies), 16 cortisol-producing adenomas, and 518 peripheral DNA samples (344 from patients with APA and 174 from patients with BAH). For DNA and RNA isolation and RT-PCR procedures please see the online-only Data Supplement.
KCNJ5 Sequencing
The KCNJ5 coding sequence spanning amino acids 122 to 199 was sequenced. For KCNJ5 sequencing please see the online-only Data Supplement.
Microarray Analysis
For microarray analysis please see the online-only Data Supplement.
Statistical Analyses
If not stated otherwise, group results are expressed as meanϮSEM or median and interquartile range for nonnormally distributed variables. Skewed variables were log transformed before statistical testing. Within-group changes from baseline to follow-up were assessed by paired t test. Data between groups were compared using ANOVA test followed by post hoc analysis (Tamhanes T2 test) or 2 test. For nonparametric testing, Mann-Whitney U test was applied. For multivariate analysis, factors significantly associated with the presence of mutations in univariate logistic regression were inserted into a multivariate model. PϽ0.05 was considered to be statistically significant. Statistical analysis used SPSS 18.
Results
Somatic KCNJ5 Mutations Account for a Substantial Proportion of APA
Successful sequencing of 380 somatic APA DNA samples demonstrated the occurrence of both the p.Gly151Arg and the p.Leu168Arg mutations at the heterozygous state in samples from all of the centers. Two different nucleotide substitutions accounted for the p.Gly151Arg mutations, c.451GϾA and c.451GϾC ( Figure S1 and Table 1 ). The frequencies of the mutations varied among centers (Pϭ0.023), with p.Gly151Arg being more frequent than p.Leu168Arg. The overall prevalence of somatic KCNJ5 mutations in APA was 20% for p.Gly151Arg and 14% for p.Leu168Arg among samples, with a total prevalence of 34%. For 39 APA samples, pathological confirmation of the diagnosis was available through in situ hybridization of CYP11B2, coding for aldosterone synthase, in the resected APA. In this subset, the frequency of KCNJ5 mutations was 46% (18 of 39), not significantly different from that observed in the overall cohort (Pϭ1.00). The absence of KCNJ5 mutations in 344 peripheral DNA samples from patients with APA, 216 of which were paired with tumor DNA (72 harboring KCNJ5 mutations), confirmed the somatic nature of the genetic alteration. Importantly, no KCNJ5 mutations were found in 174 germinal DNA samples from patients with BAH.
Adrenal cortex remodeling, with increased nodulation, reduced vascularization, and functional zona glomerulosa hyperplasia, is a major feature of adrenals with APA. 16 This finding raises the questions as to whether KCNJ5 mutations APA indicates aldosterone-producing adenoma. *For 216 APA DNA samples, the corresponding paired blood DNA samples were also sequenced. †Twenty-five paired peritumoral DNA samples were also sequenced. All of the mutations were in the heterozygous state, and none concurred in the same patient.
may take their origin in the peritumoral adrenal cortex, leading to the formation of autonomous buds eventually developing into APA. Sequencing of KCNJ5 in somatic DNA from 25 paired peritumoral cortices, from which 8 presented somatic KCNJ5 mutations in the corresponding APA, demonstrated that no mutation was present in peritumoral tissue. Finally, KCNJ5 mutations appeared to be specifically associated with APA, because none of 16 somatic DNA samples from cortisol-producing adenomas nor DNA from 10 control adrenal cortices were found to harbor the p.Gly151Arg or p.Leu168Arg mutation.
Clinical and Biochemical Phenotypes Correlate With KCNJ5 Mutation Status
To investigate whether KCNJ5 mutations may be correlated with a specific subgroup of APAs, we analyzed the mutation status with regards to the patient's clinical and biochemical characteristics. Remarkably, somatic KCNJ5 mutations in APA were more frequent in females than in males (49% versus 19%; PϽ10 Ϫ3 ) and were also correlated with clinical and biochemical patient characteristics ( Table 2 ). This difference remained significant after adjustment for age and sex, two factors influencing aldosterone and renin levels. 17 In contrast, no significant differences between KCNJ5 mutation carriers and noncarriers were detected with regard to systolic and diastolic blood pressures, serum potassium, and plasma renin levels, as well as number of medications taken before surgery. The mean adenoma size in KCNJ5 mutation carriers was 18 mm, typical for APA and comparable in both groups of patients. Follow-up after adrenalectomy showed similar outcome between carriers and noncarriers of KCNJ5 mutations, in terms of biochemical correction of PA and blood pressure outcome (Table 2) . Although patients with mutations appeared to require fewer postoperative medications, this difference was no longer significant after correction for age and sex, two major contributors to postsurgical outcome in patients with APA. 18, 19 Finally, in univariate models, age at diagnosis (in years or decades), sex, and preoperative aldosterone levels were associated with the presence of KCNJ5 mutations (Table S2) . In multivariate analyses, the association of mutations with age (Pϭ0.0103), sex (PϽ0.0001), and plasma aldosterone (Pϭ0.0256) remained significant.
KCNJ5 Mutations Are Not Correlated With Unique Transcriptional Profiles of APA
Next we asked whether KCNJ5 mutations would lead to a specific molecular phenotype of APA. Hierarchical clustering of transcriptome profiles from 102 APAs clearly demonstrated that carriers of p.Gly151Arg or p.Leu168Arg are not distinguishable at the whole transcriptome level from those without mutation ( Figure 1A ). Even when analyzing a limited set of genes, that is, regulatory genes associated with calcium signaling ( Figure 1E and Table S3 ) or downstream target genes implicated in steroid metabolism ( Figure 1F and Table  S4 ), carriers of KCNJ5 mutations were not separated from noncarriers. Indeed, the APA carrying KCNJ5 mutations are distinguished from noncarriers only by a limited set of genes: for p.Gly151Arg, 241 statistically significantly (post hoc PϽ0.01) differentially expressed genes were identified, 106 of which were upregulated and 135 downregulated. For p.Leu168Arg, 349 differentially expressed genes were identified, 90 upregulated, and 259 downregulated ( Figure 1B and 1C). Classification of APA samples according to the 96 overlapping, statistically significantly (post hoc PϽ0.01) differentially expressed genes enriches the group of APAs harboring somatic mutations with respect to patients not presenting either p.Gly151Arg or p.Leu168Arg genotype ( Figure 1D ). However, classification of differentially expressed genes according to gene ontologies did not allow identification of major pathways or biological functions that could contribute to APA development (Table S5) . Taken together, these results imply that abnormal Kir3.4 channel function does not lead to activation of unique signaling cascades but rather indicates that KCNJ5 mutation may represent one of several different mechanisms to activate the calcium signaling pathway.
Discussion
Despite the recent publication of guidelines for case detection, diagnosis, and treatment of PA, reliable diagnostic and prognostic biomarkers are lacking to achieve a more sensitive and specific screening, as well as to open new therapeutic strategies. 14, 20, 21 Indeed, the early detection of PA has an enormous impact on clinical outcome and survival, given the severe cardiovascular adverse effects of aldosterone excess that are independent of high blood pressure levels and predict achievement of normotension after surgical treatment. [21] [22] [23] The recent identification of somatic KCNJ5 mutations in a limited number of subjects with APA could represent a breakthrough in our understanding of the pathogenic mechanisms underlying the disease. 9 Here we report that somatic KCNJ5 mutations are present in 34% of unselected APA samples across a large series of patients with PA recruited at major referral centers in Europe. Although a germline KCNJ5 mutation had also been reported in a familial form of PA associated with massive BAH, our results demonstrate that similar germline mutations are not involved in the development of BAH, the most common form of PA. 9, 24 Notably, KCNJ5 mutation carriers were younger in comparison with noncarriers, suggesting that they had an earlier onset of the disease or earlier diagnosis because of a more severe phenotype, the latter being also supported by higher preoperative plasma aldosterone levels in mutation carriers. Another striking observation was the higher frequency of KCNJ5 mutations in females compared with males. Although the overall frequency of KCNJ5 mutations declined with age at diagnosis, this sex difference remained significant across different age groups (Figure 2 ). This finding is reminiscent of the peculiar phenotype of TASK-1 potassium channel knockout animals, which show severe hyperaldosteronism in mature mice in females only, because of abnormal expression of aldosterone synthase in the adrenal zona fasciculata. 8 The absence of hyperaldosteronism in male animals is explained by the differential sex-dependent expression of TASK-3 channels in the adrenal cortex, where TASK-3 expression in male animals can compensate for the lack of its normal heterodimerization partner, TASK-1. This supports a mechanism whereby women with KCNJ5 mutations may be more prone to membrane depolarization and subsequent APA development because of their inability to compensate for Kir3.4 dysfunction via other potassium channels, like TASK-3.
Other than allowing evaluation of the overall frequency of KCNJ5 mutations across a large series of patients, this multicenter study has allowed for appreciating some heterogeneity in the prevalence of KCNJ5 mutations across centers. This might reflect the clinical, biological, and genetic diversity of patients with APA, depending also on the different strategies for patient recruitment. Indeed, the screening and confirmatory procedures varied among centers, with different Overall frequency of p.Gly151Arg or p.Leu168Arg KCNJ5 mutations stratified by age group and gender. *Significant differences in percentage of mutation carriers between sexes in the respective age group. Numbers in columns indicate the number of subjects for each group. criteria used for selecting the patients for adrenalectomy. 10, 13, [25] [26] [27] These differences cover the clinical and diagnostic spectrum of PA and, thus, provide a reliable estimate of the true prevalence of KCNJ5 mutations in APA. The frequency of KCNJ5 mutations was found to be higher in patients selected on more conservative criteria (Table 3) ; together with the younger age and higher aldosterone levels at diagnosis, this suggests that KCNJ5 mutations may be associated with a more florid phenotype. Although we cannot exclude that some of the resected APAs were not BAHs, given the diagnostic complexity of PA, therapeutic outcome was similar among centers, excluding a major recruitment bias because of different screening procedures. Furthermore, when considering patients with postoperative aldosterone levels Ͼ180 ng/L and no improvement in terms of postoperative medications, potentially corresponding to cases with BAH, only 17 (4.5%) of 380 patients were identified. Among those, KCNJ5 mutations were found in 5 patients (Pϭ0.80 for mutation frequency compared with the entire cohort), thus excluding that the different mutation frequency across centers reflects a higher prevalence of misdiagnosed BAH.
Although adrenals from patients with APA show increased nodulation and adrenal cortex remodeling, suggesting a potential continuum and a common pathogenic mechanism between BAH and APA formation, KCNJ5 mutations appear to be isolated events in the progression toward APA, because they are not found in the peritumoral cortex. The fact that KCNJ5 mutations were not found in cortisol-producing adenoma further suggests independent pathways of adrenal cortex tumorigenesis, with APA originating from the zona glomerulosa expressing KCNJ5. Alternatively, KCNJ5 mutations may be associated with aldosterone excess, with additional, as yet unknown, mechanisms being responsible for tumorigenesis. Remarkably, KCNJ5 mutations do not induce a unique molecular phenotype of APA at the transcriptome level, as could have been expected from mutations acting on a key signaling pathway or master transcriptional regulators.
Rather, it appears that they represent one if several different possible mechanisms resulting in activation of calcium signaling in the zona glomerulosa, ultimately leading to autonomous aldosterone production and (possibly) cellular proliferation. In the absence of formal demonstration that KCNJ5 mutations and membrane depolarization lead to increased cell proliferation, our results also raise the possibility that KCNJ5 mutations are not causative of APA development but are a consequence of tumorigenesis, playing only a contributory role toward aldosterone overproduction and tumor growth.
Perspectives
Although the causal relationship between KCNJ5 mutations and aldosterone overproduction and adrenal cell proliferation remains to be established, more than one third of patients with APA present somatic KCNJ5 mutations. Importantly, similar germinal mutations are not responsible for BAH, the most common form of PA. Future studies need to address the genetic determinants of the remaining 70% of cases of sporadic PA. Although unilateral adrenalectomy represents the treatment of choice for lateralized PA in specialized departments, it is tempting to speculate that Kir3.4 potassium channels may become interesting new drug targets for a subset of APAs not eligible for surgery.
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Supplementary Materials and Methods
DNA and RNA isolation and RT-PCR
Tumor DNA was extracted using QIAamp DNA midi kit (Qiagen, Courtaboeuf Cedex, France); DNA from peripheral blood leukocytes was prepared using salt-extraction. Total RNA was isolated from frozen tissue using Trizol (Invitrogen, Carlsbad, CA) and then purified on silica columns using RNeasy Mini Kit (Qiagen). The integrity and quality of the RNA were systematically checked using an Agilent 2100 bioanalyzer with the RNA6000 Nano Assay (Agilent Technologies, Santa Clara, CA). After DNaseI treatment (Invitrogen), 500 ng of total RNA were retro-transcribed using Superscript II RT (Invitrogen) and random hexamers (Promega, Madison, WI).
KCNJ5 sequencing
KCNJ5 cDNA or DNA was amplified using intron-spanning primers as previously reported 1 . PCR was performed on 100 ng of DNA (4 µl of RT product) in a final volume of 25 µl containing 0.75 mM MgCl 2 (without MgCl 2 for cDNA), 400 nM of each primer, 200 µM deoxynucleotide triphosphate and 1.25 U Platinum Taq DNA Polymerase (Invitrogen). Cycling conditions were as previously described with an annealing temperature of 58°C (56°C for cDNA). Direct sequencing of PCR products was performed using the ABI Prism Big Dye Terminator® v3.1 Cycle Sequencing Kit (Applied Biosystems, Foster City, CA) on an ABI Prism 3700 DNA Analyzer (Applied Biosystems). Sequencing primers were as previously described 1 .
Microarray analysis
Transcriptome analyses were performed on 102 samples collected through the COMETE network from patients operated on APA between 1994 and 2008 in the Hypertension Unit at the Hôpital Européen Georges Pompidou in Paris. Complementary cRNA was synthesized from 500 ng total RNA using the NanoAmpTM RT-IVT Labeling Kit (Applied Biosystems). Samples were hybridized to microarrays using Applied Biosystems chemiluminescence detection kit according to the manufacturer's protocol. Acquisition of the chemiluminescence images and primary data analysis were done on an AB1700 apparatus using the Applied Biosystems Expression Array System Software v1.1.1. Data were then median centred, log2-transformed and model-adjusted. Inter-array and inter-group normalizations were carried out using the NeONORM method as described previously [2] [3] [4] . Multiple probes for a single gene, cross-reactivity of a single probe to several genes, as well as the resolution of probe-ID annotations were accounted for as defined previously 5 . Hierarchical clustering based on Euclidean distance and complete-linkage was carried out using the R-packages hclust and gplot. Differentially expressed genes among groups were calculated using a fold-change z-test with positive false discovery rate correction. Integrated GO, KEGG and PANTHER annotations were used to assign each probe to the different ontologies (biological process, molecular function, signalling pathway) from the PANTHER Database 6 . The relative representation of those probes was detected as significantly regulated as compared to a random set of probes drawn from the ensemble of available probes. P values for over-and under-representation of pathways were calculated using a binominal distribution and a Bonferroni correction for multiple testing. 
